The pgr5 mutant of Arabidopsis thaliana has been described as being deficient in cyclic electron flow around photosystem I, however, the precise role of the PGR5 protein remains unknown. To address this issue, photosynthetic electron transport was examined in intact leaves of pgr5 and wild type A. thaliana. Based on measurements of the kinetics of P700 oxidation in far red light and re-reduction following oxidation in the presence of DCMU, we conclude that this mutant is able to perform cyclic electron flow at a rate similar to the wild type. The PGR5 protein is therefore not essential for cyclic flow. However, cyclic flow is affected by the pgr5 mutation under conditions where this process is normally enhanced in wild type leaves, i.e. high light or low CO 2 concentrations resulted in enhancement of cyclic electron flow. This suggests a different capacity to regulate cyclic flow in response to environmental stimuli in the mutant. We also show that the pgr5 mutant is affected in the redox poising of the chloroplast, with the electron transport chain being substantially reduced under most conditions. This may result in defective feedback regulation of photosynthetic electron transport under some conditions, thus providing a rationale for the reduced efficiency of cyclic electron flow.
Introduction
Photosynthetic electron transport primarily occurs via a linear pathway in which photosystem I (PSI) receives electrons from photosystem II (PSII) to generate NADPH and a trans-thylakoid pH gradient (ΔpH) which is used to drive ATP synthesis [1] . In addition, cyclic electron flow (CEF) can occur, in which electrons from the acceptor side of PSI are re-injected into the photosynthetic electron transport chain (pETC), possibly via the cytochrome b 6 f (cyt b 6 f) complex. The occurrence and role of these pathways have been reviewed previously [2] [3] [4] [5] [6] .
There is strong evidence for CEF in green alga (e.g. Chlamydomonas [7] ) and cyanobacteria [8] , as well as in bundle sheath chloroplasts of C 4 plants [9] . However, it is only recently that there has been an advance in understanding this process in C 3 plants, partly because of the difficulty in assaying CEF under conditions in which linear electron flow (LEF) predominates. Two roles for CEF have been suggested: (i) to supplement the ATP generated to maintain appropriate an ATP/NADPH ratio, and (ii) down-regulation of PSII via generation of ΔpH, resulting in non-photochemical quenching (NPQ). The occurrence of CEF under steady-state conditions has been under debate [5, [10] [11] [12] , although there is evidence that CEF does occur at significant rates during the induction period of photosynthesis [13] .
We recently proposed a redox poise model to rationalise changes in the efficiency of CEF in C3 plants under different experimental conditions [14] , which, builds on earlier work examining the effects of redox poising on CEF [15] [16] [17] [18] . In this model, cyclic flow is assumed to be modulated by the competition between cyclic and linear flow pathways for reduced ferredoxin (Fd), the relative rates of the two processes being determined by the balance between PSI donor and acceptor redox states [14] . Thus, in the steady-state, when enzymes of the Benson-Calvin cycle are active, LEF will out-compete CEF, as carbon fixation forms an efficient sink for electrons from PSI. Under conditions when carbon fixation is down-regulated, such as under environmental stress or following a dark to light transition, CEF would have a competitive advantage.
One major difficulty in the study of cyclic electron flow has been the lack of mutants specifically affected in this process. A recent exception to this is proton gradient regulation-5 (pgr5), a mutant of Arabidopsis thaliana that has been reported to be impaired in CEF. This mutant was identified in a chlorophyll fluorescence screen as being deficient in non photochemical quenching and it has been proposed that this mutation specifically affects the Fd-mediated, antimycin-sensitive pathway of CEF, whilst being unaffected in the NDH-dependent one [19] [20] [21] . Furthermore, it is suggested that these two pathways are essential for normal growth but have a degree of redundancy, since a double mutant, impaired in both pathways, has greatly impaired growth and development [21] . It was suggested that the pgr5 defect in PSI CEF leads to a reduction in the ATP/NADPH ratio during photosynthesis, causing overreduction of the stroma. The resulting depletion of NADP + limits linear electron flow (LEF) specifically at high light. Nevertheless, the precise role of pgr5 in CEF remains unclear. In particular, the question arises, does the PGR5 protein play a direct, essential role in CEF or does it only affect this process in a more indirect, regulatory manner (see [6] for a review).
To this end, , we have employed a range of in vivo assays to characterize CEF in intact leaves of the pgr5 mutant [2, 13, 14, 22] . We see that the pgr5 mutant is capable of carrying out CEF in vivo -with approximately the same maximum efficiency as wt plantss. Thus PGR5 is not essential for the occurrence of Fd-mediated CEF. However, we observe that CEF is affected in the mutant under different experimental conditions. We attribute therefore the main pgr5 phenotype to either a disruption in the redox poising of the chloroplast or to a different sensing of redox poising in the mutant. The observed changes in CEF would stem for such impairment in redox regulation, consistent with the notion that CEF is modulated by the redox state of the pETC.
Materials and methods

Plant material
Experiments were carried out on 6 to 7 week old wild-type (wt; Columbia background strain gl1) and proton-gradient regulation-5 (pgr5) Arabidopsis plants [20] and crr4-2 pgr5 double mutant [21] grown in Viking MM peat-based compost at a photon flux density (PFD) of 100 μmol m − 2 s − 1 with an 8-h photoperiod at 22-23°C. Plant was dark-adapted for at least 16 h prior to taking measurements.
Reduction of oxidized P700
P700 + reduction following a flash was assayed as detailed by Golding et al. [23] . Changes in absorbance at 830-870 nm were used as a measure of the P700 redox state and were performed using a Walz PAM 101 fluorometer in combination with an ED-P700DW-E emitter-detector unit (Walz, Effeltrich, Germany), and recorded using a National Instruments PCI-6220 data acquisition card, running software written using Labview 7 (National Instruments, Austin, USA). Leaves were vacuum infiltrated with 1 mM 3-(3, 4-dichlorophrenyl)-1, 1-dimethylurea (DCMU, Sigma, UK) in 300 mM sorbitol (Sigma, UK 
P700 oxidation kinetics
Spectrophotometric measurements were made on a flash spectrophotometer as described previously [22] . P700 oxidation kinetics were determined using an 810-nm broadband LED source (30 nm). RG780 filters were used to protect the photodiodes from actinic light. Actinic FRL was provided by a Far red LED (λ max = 720 nm) filtered through three Wratten filters 55 that block wavelengths below 700 nm. Green light was provided by an inbuilt array of LEDs λ max = 530 nm). The atmosphere in the leaf chamber was controlled by pumping air through either water, or water and soda lime for 0 ppm CO 2 .
Chlorophyll fluorescence parameters
Simultaneous chlorophyll fluorescence and P700 + measurements were made using an experimental system described previously [24] . Attached leaves were enclosed in an environmentally controlled chamber with a gas stream containing CO 2 controlled by an ADC LC Pro+ infrared gas analyser (ADC Bioscientific, Hitchin, UK). The induction of NPQ was determined by delivering a saturating flash of white light (8000 μmol m − 2 s − 1 ) to measure maximal fluorescence in the light (F m ′) at 2 min intervals during 25 min of actinic illumination (800 μmol m − 2 s − 1 ). This was followed by 5 min in darkness, after which, F m ′ was determined at 2-min intervals for 10 min, in the absence of actinic illumination. Rapidly and slowly relaxing NPQ were then estimated as described previously [25] . Photochemical quenching, qP was used as an indicator of the redox state of the primary PSII electron acceptor and was estimated as defined in [25] . The relative concentration of P700 + was measured as outlined in [24] .
Results and discussion
Re-reduction of P700
+ following a flash in the presence of DCMU The re-reduction of P700 + following either FR illumination or illumination in the presence of DCMU has widely been used as an indicator of CEF (see e.g. [5, 26, 27] for discussion). Leaves of pgr5 and wild-type were vacuum infiltrated with DCMU and were exposed to short (500 ms) saturating flashes of red light which were sufficient to largely oxidise P700. Rereduction of P700 + was then followed using absorbance changes in the near infrared (Fig. 1) . The resulting decay followed a complex curve, as described previously [5] . The fast component in this decay has previously been attributed to CEF and the slower reduction phases are thought to indicate the slower processes of redox equilibration occurring in the chloroplast [5, 24] .
The overall decay of P700 + was slower in pgr5 than in the wt, however, the decay kinetics were very similar. Fitting with exponential curves gave variable results, with up to 4 components being required to obtain a satisfactory fit over a full 1 s decay curve (not shown). Nevertheless, no qualitative differences were seen -the same number of exponential components were needed for both wt and pgr5. Taking the initial slope of the P700
+ as an estimate of CEF, we determine a rate of CEF to be approx. 20-30% slower in pgr5 than wt (not shown). Thus, these data are consistent with the conclusion that pgr5 and wt leaves are both capable of performing CEF but that the competitiveness of this is reduced in the mutant.
CEF capacity of pgr5 is sensitive to stromal redox poise
The above approach to quantifying CEF is open to criticism as it uses an invasive technique (DCMU infiltration) and does not correspond well to physiological conditions. An alternative approach to assaying CEF is to follow the kinetics with which P700 is oxidised by FRL, which preferentially excites PSI, [2, 28] . Using this technique, sustained occurrence of CEF has been documented after a dark-light transition in dark-adapted leaves, where a slow net oxidation of P700 is accompanied by a continuing rate of electron flow, as indicated by the generation of electrical field across the thylakoid membrane. Joliot and Joliot [13] conducted experiments to quantify the extent of CEF in the induction phase of photosynthesis, and found evidence that CEF operates efficiently (∼ 130 s − 1 ), during the induction of photosynthesis, while LEF functions at a much lower rate (∼ 15 s − 1 ), due to the inactivation of the Benson-Calvin cycle in the dark-adapted state [22] . Fig. 2 illustrates the kinetics of P700 oxidation in darkadapted leaves of wt, pgr5 and the crr4-2 pgr5 double mutant [21] in the presence of FRL only (open circles), after a short actinic pre-flash followed by FRL (closed circles), and in lightadapted conditions (squares).
In the absence of the flash, the wt displays a biphasic kinetic with a fast P700 oxidation phase followed by a lag and then a slower oxidation phase. The fast phase of these kinetics have previously been interpreted as representing the reduction of an efficient acceptor pool (probably NADP + ) with the slower component attributed to gradual leak of electrons from the cyclic pathway to stromal electron acceptors [2, 14, 29] . In pgr5 (Fig. 2B ) and crr4-2 pgr5 (Fig. 2C) , there is a less clear separation of two phases. A fast oxidation, similar to wt, is followed by a slower phase which is not clearly separated by a lag.
The kinetics of P700 oxidation are extremely variable among dark-adapted leaves illuminated with FRL, this variability probably reflecting variation in the dark redox poise of the chloroplast [28, 29] . The application of a short (200 ms) pulse of saturating green light prior to measuring P700 oxidation was shown to remove this variability by pre-reducing the electron donor pool without activating the Benson-Calvin cycle [2, 14] . The application of such a pulse induces a lag in P700 oxidation in all cases, this being followed by a slow monophasic slow oxidation of P700 (Fig. 2) , as expected if all the PSI complexes were engaged in CEF. This supports the notion that pgr5 has essentially the same ability to perform CEF as the wt following a dark to light transition.
The lag observed in P700 oxidation, which is of a longer duration in wt (∼4 s) than pgr5 or crr4-2 pgr5 (∼ 2 s) could be due to blockage of electron flow. Indeed, Siebke et al. [29] argued that initial reduction of the acceptor pool resulted in a complete blockage of electron transport. However, as seen previously [14] , we observed that the generation of an electrical potential gradient across the membrane continues throughout the lag phase in P700 oxidation in both wt and mutant plants (data not shown). Hence it can be concluded that electron transport is maintained at a high rate throughout the initial lag and that this electron transport corresponds to the oxidation of reduced secondary PSI donors, plus CEF. Finally, light adaptation of the leaves for several minutes greatly increases the rate of P700 oxidation, which becomes maximal and strictly monophasic. It has been shown that this rate corresponds to that of pure linear flow, as shown by the lack of further increase in P700 oxidation rate upon addition of the electron acceptor methyl viologen [2, 28] . We also checked that addition of this compound enhanced the rate of P700 oxidation in dark adapted leaves (not shown, see however [28] ), indicating that the slowing down of P700 turnover could be ascribed to sustained occurrence of CEF.
As with data in Fig. 1 , these results are consistent with the conclusion that pgr5 retains the ability to perform CEF. In principle, redundancy between PGR5 and NDH driven cyclic flow processes may explain lack of cyclic flow phenotype in pgr5 (and in NDH lacking plants, not shown). However, we found that the same behaviour observed in pgr5 could be reproduced in the double mutant crr4-2 pgr5, where both CEF pathways should be inhibited.
Taken together, these data suggest that (i) PGR5 in itself is not essential for cyclic flow, however its presence clearly enhances the efficiency of CEF under conditions where the pETC is largely oxidised (i.e. without the short saturating pulse) and (ii) as shown by the identical phenotype of the pgr5 and crr4-2 pgr5 mutants, the occurrence of CEF in the former cannot be explained in terms of a compensation between the putative PGR5 and the NDH pathways. A corollary of this finding is that the relative contribution of the NDHpathway to CEF is probably not predominant in Arabidopsis, when compared to the Fd-driven one, in contrast to previous suggestions [30] .
Activation of the Benson-Calvin cycle under ambient CO 2 progressively inhibits CEF in wt and pgr5
When leaves were exposed to actinic illumination, to activate enzymes of the Benson-Calvin cycle, CEF under FRL was progressively inhibited, as illustrated by the acceleration of P700 oxidation observed after varying periods of actinic illumination (Fig. 3A, B) . P700 oxidation kinetics of wt and pgr5 at various time points during continuous illumination were determined by interrupting actinic illumination and irradiating with weak FRL. Induction of photosynthesis causes acceleration of P700 oxidation by FRL, as the Benson-Calvin cycle becomes progressively more activated and the rate at which the electrons leak from CEF intermediates increases [2] . In wt, a short period of actinic illumination (30 s) still results in a slow oxidation of P700 leading to the conclusion that CEF is likely to be occurring. Longer periods of actinic illumination resulted in faster P700 oxidation, demonstrating that CEF becomes less competitive. The same effect was observed in pgr5 (Fig. 3B) , however, P700 oxidation was already faster after 30 s of illumination than was the case in wt, implying that CEF was less able to compete with LEF in the mutant.
CEF is differently affected in wt and pgr5 plants under stress conditions
Previously we have observed an activation of CEF when plants are exposed to stress conditions, such as exposure to low CO 2 concentrations and drought [23, 24] . Consistent with this, when P700 oxidation in wt and pgr5 was recorded in the absence of CO 2 (Fig. 3C, D) , a slowing of P700 oxidation was observed, relative to the situation with CO 2 present, in both wt and pgr5. This is consistent with the low CO 2 concentration causing a substantial increase in the proportion of CEF, in both wt and pgr5. This effect was, however, more marked in wt than in pgr5, as indicated by the more prominent lag and slower overall P700 oxidation. Nevertheless, in pgr5 there is still a clear effect of removing CO 2 , consistent with the idea that this promotes CEF.
A suggested role for CEF is the generation of a trans-thylakoid ÄpH required for NPQ. At low CO 2 , for example, there is an elevation of CEF and an increase in NPQ is typically seen [23, 31] . Munekage et al. [20] previously reported suppression of NPQ in the pgr5 mutant. We observed the induction of NPQ during actinic illumination (800 μmol m − 2 s − 1 white light) at 2000 ppm and at 0 ppm CO 2 (Fig. 4) . At 2000 ppm, NPQ was induced in both wt and pgr5, however, the rate of induction differed substantially between the two. After 20 min illumination, a similar extent of NPQ was reached in the wt and mutant, however, this was less readily reversed following a return to darkness in pgr5. This suggests a greater extent of photoinhibitory quenching in pgr5, compared to wt leaves, where rapidly relaxing, primarily pH dependent, quenching is predominant. At 0 ppm CO 2 , a difference in the kinetics with which NPQ was induced was still seen between the wt and pgr5. However, not only was the final extent of quenching identical, but so was the reversibility of this following illumination, implying that high energy state quenching formed the same proportion of total NPQ in both cases. Thus we conclude that in both wt and pgr5, enhancement of CEF upon reducing the CO 2 concentration is sufficient to induce NPQ response, because of a large generation of ΔpH. see that it is possible to drive CEF to produce a large ΔpH in both wt and pgr5 but that that ability is somewhat lowered in pgr5. The same intrinsic ability to generate a ΔpH does nevertheless exist in both plants.
Another condition where CEF becomes prominent is under high light [2, 32] . With increasing irradiance during actinic illumination, oxidation of P700 by FRL became progressively slower in both wt and pgr5 (Fig. 5 ). This suggests that there is an increase in the competitiveness of CEF relative to LEF with rising actinic irradiance in both wt and pgr5 leaves. In Fig. 6A it is seen that reversible NPQ (an indicator of high energy state quenching) in pgr5 is lower at any given irradiance and slowly relaxing NPQ (an indicator of photoinhibition) generally greater. In the irradiance range examined, rapidly relaxing NPQ did not attain the same level in pgr5 as in wt, in contrast to observations at low CO 2 , nevertheless a substantial degree of quenching is induced, implying that a certain amount of CEF is still occurring . P700 oxidation levels were normalized to maximum P700 oxidation levels for each leaf. Assays were conducted in the presence of weak FRL, as in Fig. 3 .
and that this gives rise to a ΔpH that drives quenching. Importantly, the extent of inhibition of NPQ overall is small in pgr5, less marked than has been reported previously [20] . However in previous reports, plants were illuminated for short periods. This emphasises that the effect of pgr5 deletion on NPQ is primarily kinetic and has a smaller effect on the final levels of NPQ attained.
Redox posing of the photosynthetic electron transport chain
The redox state of P700 in actinic light differed substantially between wt and pgr5, in line with previous observations [20] . In wt, P700 became more progressively oxidised in actinic light as the leaf approached steady-state, as indicated by P700 + decay during the dark period immediately following actinic illumination (Fig. 6B) . This can be explained as being due to the limiting step in electron transport being prior to PSI, specifically at the oxidation of PQH 2 by the cyt b 6 f complex [33] . In pgr5, little or no net oxidation of P700 was observed (Figs. 3, 5, 6B ).
Under the same conditions the acceptor pool of PSII is more reduced in pgr5 than wt, as indicated by the lower levels of photochemical quenching (qP) across a range of irradiances (Fig. 6C) . Cyt f was also found to be largely reduced (data not shown). The pETC is thus maintained in a more reduced state in the mutant compared to the wt. From this we can conclude that the reduction of cyt b 6 f is not the rate-limiting step of photosynthetic electron transport in the mutant. Previously it has been suggested that the cyt b 6 f complex is regulated in response to the stromal redox poise [34] , and that this determines the redox state of P700 during illumination. Clearly an impairment in such regulation in pgr5 would account for its reduced capacity to oxidise P700 when the light intensity is increased.
Conclusion
Results presented here provide evidence that pgr5 is capable of performing CEF in vivo, allowing us to conclude that the PGR5 protein does not play a direct, essential role in that process. This is as expected based on sequence analysesthere is no indication that PGR5 itself binds any redox centres that might act in the CEF pathway [6] .
The pgr5 mutant has previously been suggested to be deficient in CEF. However, Munekage et al. [20] used an in vitro assay to test CEF in which reduction of PQ by NADPH, in the presence of Fd, was inhibited. This reaction would have been too slow to be compatible with rates of cyclic flow in vivo. Avenson et al. [35] attempted to quantify the relative rates of cyclic and linear electron flow in vivo by comparing the rate of LEF with the decay of the electrochemical gradient across the thylakoid membrane. They concluded that there was only a small difference (∼ 13%) in the extent of cyclic flow between wt and pgr5. It seems therefore that our conclusion that the capacity to perform CEF in vivo is slightly affected in pgr5 is not in contrast with previous literature.
Our results, however, do support the notion that pgr5 is defective in the regulation of this process, in that CEF is less able to compete with LEF across a range of physiological conditions. What is the mechanism responsible for such down regulation of CEF? Previously, we presented evidence that the redox poise of the chloroplast is a major determinant of this competition [14] , consistent with early work suggesting that redox poising of the chloroplast is crucial in determining the extent of CEF [15, 17] . Our results suggest that that redox poise is altered in pgr5. This is indicated by data in Fig. 2 , where traces obtained without any flash preillumination (FRL only), therefore without standardizing redox poise for wt and pgr5 chloroplasts, show a systematic lack of biphasic kinetic in pgr5. On the other hand, these differences could be eliminated when the redox poising of the leaves was normalized with a flash. Siebke et al. [20] previously observed biphasic kinetics in initial rates of P700 oxidation under FRL in dark-adapted leaf. These they explained as being due to a limitation in the reduction of the phosphoglycerate (PGA) pool, this being due to the requirement for lightactivation of glyceraldehyde-3-phosphate dehydrogenase. This would imply that the NADP pool represents the main acceptor pool for electrons in dark-adapted leaves.
According to this hypothesis, a modified electron flow downstream of PSI may account for the pgr5 phenotype. A striking feature of the pgr5 mutant which has not been fully explained is that P700 is maintained in a largely reduced state even at high light. This suggests that, in contrast to wt plants, the effective slowest step in electron transport is after PSI. However, no deficiency in PSI to NADP electron flow has been found in thylakoids from pgr5 plants [20] implying that the pETC is not modified per se in this mutant. Conversely, it is likely that the absence of PGR5 on the stromal side of the thylakoid membrane disrupts the balance between LEF and CEF, in a redox poise dependent manner, such that CEF is less competitive for electrons under steady-state conditions. The acceptor side of PSI and donor side of PSII were found to be in a more reduced state (Fig. 6) clearly indicating that the pETC is maintained in a reduced state in the mutant. It has been suggested that the cyt b 6 f complex is regulated in response to stromal redox poise [34] and it therefore seems likely that this regulation is impaired in the pgr5 mutant. The impaired feedback to the cyt b 6 f complex would lead to a highly reduced redox state of the pETC in the steady-state This, we suggest, limits CEF competing with LEF and results in a lower ΔpH under any conditions.
